The research for new mineral oil substitutes focuses on vegetable oils known for their biodegradability and low toxicity. This paper focuses on the development and analysis of physicochemical and dielectric properties of a bio-based insulating liquid from castor oil. Castor oil is an inedible tropical resource. It has a good annual oil yield and is widely available in developing countries. Cold pressing of castor seeds is the most appropriate non-chemical process for extracting oil. A refining process was used to remove metal and chemical residues. Refined Castor Oil was filtered and degassed in order to minimize the dissolved gases, solid particles and moisture. A transesterification operation was performed to significantly reduce viscosity oil. Finally, obtained Castor Oil Methyl Esters (COME) are finally distilled in a rotary evaporator under vacuum to remove traces of water and methanol. Physicochemical properties as visual examination, relative density, kinematic viscosity, and acidity were measured in accordance with ASTM D6871. AC Breakdown voltage was performed according to IEC 60156, and had been analyzed using Weibull distribution. Processed Castor Oil (PCO) has low viscosity than certified transformer vegetable oils (BIOTEMP, FR3) and high Dielectric Strength (74.67 kV/2.5 mm). Partial Discharges characteristics including the Partial Discharge Inception Voltage and the Partial Discharge Propagation Voltage were also investigated according to the recommendations of IEC 61294. PCO has satisfactory properties for their use as an insulating oil for transformer.
Introduction
Transformer oil acts as coolant, insulation and maintenance indicator [1] . Mineral oil, derived from petroleum resources, is the most used in oil filled transformers. It benefits from a feedback of more than one hundred years. It has good oxidation stability, high dielectric strength (>50 kV/2.5 mm), low kinematic viscosity (<11 mm 2 /s @ 40˚C) and a low pour point (≈−60˚C) [2] . Nevertheless, it has a low fire resistance. In addition, it is toxic, non-renewable and non-biodegradable (<30% in 21 days). It is therefore dangerous close to risk areas such as hospitals or residences. Its cost has increased significantly over the last 20 years. Like mineral oil, other oils such as silicone oils or synthetic esters have good characteristics, but are non-renewable, poorly biodegradable and their high cost restricted their use to particular applications [3] [4]; they are therefore not considered as an alternative to mineral oils. All these new constraints have motivated the development for several years of better substitute oils to replace the mineral oils traditionally used, which are not able to provide adequate safety conditions. The arrival of vegetable oils or so-called "natural esters" on the market offers a solution to this problem.
As early as September 1999, the first commercial plant-based insulating oils, such as BIOTEMP  and Envirotemp


FR3
 are developed and patented in the United States [5] . This has had the merit of reviving research on the use of natural esters as substitutes for mineral oil in high-power transformers. However, most of the plant resources investigated come from edible oils.
Recently, researchers investigated inedible oil-based insulating fluids. Abdelmalik [6] showed that methyl esters of Palm Kernel Oil have the specific thermal capacities equivalent to those of mineral oils. The experimental analysis carried out by Sitorus et al. revealed that the partial discharge characteristics of Jatropha Oil Methyl Esters and mineral oil are close [7] . Mengounou et al. [8] analyzed the physicochemical properties of Palm Kernel Oil Methyl Esters and found that their properties were comparable to those of the patented insulating vegetable oils.
Mariprasath et al. found that the breakdown voltage of the insulating oil based on
Pongamia Pinnata seeds was greater than that of mineral oil; in addition, the moisture content decreases with aging of the oil [9] . The investigations conducted by Umal et al. on Neem Oil Epoxy Methyl Esters showed that its dielectric losses are in the dielectric loss range of the bio-based insulating oils [10] . According to the work of Ravulapalli et al., the dielectric losses and the volume resistivity of Methyl Ester of Sesbania Seeds oil are higher than those of mineral oil [11] .
The present investigation focuses on castor oil. It is an inedible oil and widely 
Materials and Methods
Presentation of Castor Oil
Castor oil plant (Ricinus communis) is a shrubby plant (Figure 1(a) ) grown mainly in tropical climates. India, Brazil and China are the main producers, with 1630, 170 and 62 kilotons respectively of seeds according to the 2012 FAOStat database. Depending on the variety, the castor seed varies between 0.3 g and 0.5 g for a length of between 10.6 mm and 23.5 mm, a width varying from 6.7 mm to 14.7 mm and a thickness ranging from 4.7 mm to 8.3 mm. The oil content varies in proportion to the amount of heat received by the plant and is around 48% [12] . It is very rich in ricinoleic acid (just over 85%). The non-edibility of castor bean is due to the presence of several toxic components. The oil only has a laxative effect, but the cake from the extraction contains a highly toxic protein called ricin, less toxic ricinin and ricinididine and finally an allergen called CB-1A [13] . After extraction, all these toxic substances remain in the cake. The harvest is essentially manual. The still green fruits (Figure 1(b) ) are torn off and dried ( Figure 1(c) ) in the sun inside a large container. After several days, castor shells burst to release the seeds (Figure 1(d) ). The yield obtained is of the order of 500 to 800 kg of oil/ha [13] .
Extraction of Castor Oil
The seeds were obtained from local production in the city of Douala (Cameroon). There are several methods of extracting castor oil: traditional extraction, expeller pressing, hydraulic pressing and solvent extraction. The expeller pressing process is widely used in the food industry. Extraction yield is high but the cost of acquisition of the expeller press remains very high compared to the 
Hydraulic Extraction of Castor Oil
The mechanical extraction of the castor oil was carried out by means of a 10 tons' hydraulic press. Two methods were investigated: hot extraction and cold 
Refining Castor Oil
The refining of castor oil has been adapted to industry standards for the refining of edible oils in accordance with ASTM D6871 [14] . The refining process is shown in Figure 4 .
Water Degumming
The purpose of the degumming is to extract the substances contained in the 
Alkaline Neutralization and Washing
Neutralization reduces or eliminates impurities (free fatty acid (FFA), phospholipids, tocopherols, colored compounds...) from the degummed oil. It consists in mixing with the crude oil a solution of soda to transform the free fatty acids into soaps. A soda solution at 10˚Be is prepared and added to the degummed castor oil at room temperature and low stirring speed to avoid emulsion. The mixture is then stirred at 60 rpm for 20 minutes at 90˚C. Then, hot deionized water (15 wt%) is added to the mixture. The stirring speed is increased to 90 rpm for better soap removal. The agitator is off and the soap in the oil is allowed to settle to the bottom of the beaker. The process of washing the water and draining the soap is done 3 times to ensure that a maximum amount of soap has been removed.
Bleaching and Drying
The purpose of bleaching is to remove oil pigments as well as primary and secondary oxidation products, metals, soaps, phosphatidic and polyaromatic com- 
Transesterification Process of Castor Oil
The transesterification of the oil was carried out with methanol (CH 3 OH) in the presence of potassium hydroxide (KOH) as a catalyst ( Figure 5 ). The transesterification process of Refined Castor Oil is illustrated in Figure 6 . The molar ratio between oil and methanol is 1:9, while that of KOH is 1 wt% at room temperature. After the reaction, the mixture is poured into a separating funnel and allowed to stand for several hours. After decantation, the mixture is separated into two layers: Castor Oil Methyl Ester (COME) and glycerol. The resulting COME are washed with hot water (90˚C) to remove excess catalyst and unreacted methanol. The washing is repeated 4 times. COME are finally distilled in a rotary evaporator under vacuum at 70˚C to remove traces of water and methanol. Finally, Processed Castor Oil (PCO) is filtered, dehumidified and degassed at 70˚C
for 12 hours as discussed in [1] . 
Physicochemical Characterization
The physicochemical characterization of COME was performed with the requirements of ASTM D6871. Properties that have been investigated are color, viscosity, density, and Acid Number (AN).
Color (ASTM D1500)
The color is often used as a qualitative method. The technique is based on the comparison of oil color to a standard colored and numbered disc. An increasing or high color number is an indication of contamination, deterioration, or both [15] . It can see in Table 1 guideline for Quality Index Number (QIN) and eventual actions to be taken on the oil. 
Acidity Number (ASTM D974)
Relative Density (ASTM D1217)
The density of an oil characterizes the mass of oil per unit volume. Density is an intrinsic characteristic of oil. The density of PCO was carried out using a 0.01 g digital analytical balance, a 25 ml pycnometer and a thermoregulated vessel. The density is determined from the weight of the oil introduced into the pycnometer 
Kinematic Viscosity (ASTM D445)
Kinematic viscosity is defined as the resistance to flow of a liquid subjected to gravity. To ensure good cooling, the bioisolants must be of Newtonian type;
their maximum viscosity at 40˚C must be less than 50 cSt [14] . Kinematic viscosity was investigated using aUbbelohde glass capillary viscometer, a thermostatic water bath and a chronometer. The measurement principle relies on the evaluation of the time to make the meniscus of oil pass by gravity between two marks of the viscometer.
Dielectric Strength
The dielectric tests were carried out using a HYYJ-502 dielectrometer manufac- Table 2 shows components characteristics of the experimental setup.
Partial Discharge Inception Voltage (PDIV)
The electric field at the tip of the needle is given by [17] :
The TIDP and TPDP measurements were performed according to the procedure proposed by Azcarraga et al. [17] based on IEC 61294 standard. preheating increase the extraction rate. A comparison between C and D methods shows that shelling has improved the extraction rate. However, other parameters taken into account are the time of implementation, from the treatment of the seeds until the obtaining of the crude oil. Method C has a longer application time (5 days to obtain 300 ml of crude castor oil) due to manual husking of the seeds. Method D is the fastest.
Results and Discussion
Extraction
The choice of the method tends to take into account not only the quality of the oil but also the time of execution and the yield obtained. Method C gives better oil quality and better performance. However, its implementation is very long. Method D will be chosen for further work. It has a yield and oil quality close to the previous one but with much shorter run time.
Physicochemical Characterization
Processed Castor Oil (PCO) were obtained after the extraction, refining and [24] . The breakdown voltage of a dielectric material is a statistically distributed quantity that strongly depends on physicochemical characteristics and impurities present in the oil. It corresponds to a probability of failure.
The breakdown is therefore a random phenomenon. It is therefore essential to test its reproducibility. Table 5 shows the analysis of the results of the PCO dielectric strength tests. The average dielectric strength is evaluated at 74.67 kV/2.5 mm with a standard deviation of 8.04 kV. This result meets the prerequisites for an insulating vegetable oil according to IEC 62770 [25] , which sets the minimum at 35 kV/2.5 mm. The Weibull parameters of the AC dielectric strength of the PCO samples are shown in Table 6 . The Characteristic Dielectric Strength α and the shape parameter are calculated with their 95% confidence intervals. Coefficient relation R 2 = 0.983 stipulates that there is a strong linear relationship between the Weibull parameters. The low values for the shape parameter β, demonstrate that the probability of breakdown of samples above the mean is higher.
Weibull distribution for PCO samples is plotted in Figure 11 . Figure 11 . Weibull plot with 95% confidence intervals of dielectric strength.
Partial Discharges
PDIV and PDPD are used to determine the safety and conduction thresholds of PCO samples in an inhomogeneous electric field. The investigation is carried out at ambient temperature (30˚C) and at atmospheric pressure. Normal distribution parameters is presented in Table 7 . Figure 12 illustrates the Weibull distributions with 95% confidence intervals of PDIV and PDPV. Weibull parameters Figure 12 . PDIV and PDPV Weibull distributions with 95% confidence intervals.
are presented in Table 8 . The results show that tests adhere to the Weibull distributions. Partial Discharge Inception Fields (PDIF) are shown in Table 9 . There is a significant gap between PDIF and PDPF in PCO. This confers a good level of isolation of the COME subjected to strongly divergent electric fields. The relative change (RC) for COME sample is 3.67%. RC allows to analyze the behavior of the partial discharge activity range occurring in PCO. It provides information on the tendency of insulating oil samples to regenerate to prevent spontaneous breakdown. The lower the RC, the faster the oil is likely to be ionized and then fail. In addition, PDIF of PCO is lower than that of mineral oil. 
Conclusion
